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A common criticism of continuous Galerkin finite element methods is their
perceived lack of conservation. This may in fact be true for incompressible
flows when advective, rather than conservative, weak forms are employed.
However, advective forms are often preferred on grounds of accuracy despite
violation of conservation. It is shown here that this deficiency can be eas-
ily remedied, and conservative procedures for advective forms can be devel-
oped from multiscale concepts. As a result, conservative stabilised finite ele-
ment procedures are presented for the advection-diffusion and incompressible
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1 Introduction

Conservation is a highly sort after property in numerical simulations of transport phe-
nomena. Global conservation is intuitively appealing and often used for validating a
computational model. A common criticism of continuous Galerkin methods is that they
are not globally or locally conservative. This misunderstanding arises from the problem
that it is not possible in the general case to set the weight function equal to unity in a con-
tinuous Galerkin method as the weight function must vanish where Dirichlet boundary
conditions are applied. Recently, this issue has been clarified by Hughes et al. [1], where
it is was shown that continuous Galerkin methods for advection-diffusion equations are
both globally and locally conservative.

For advection-diffusion problems, when the weak form is written in advective, rather
than conservative, form and the flow field is divergence-free (at least in an appropriate
weak sense), global conservation of the advected quantity is preserved. However, this
condition is not often satisfied by stable finite element methods based on the Galerkin
formulation and when the velocity field is computed from a pressure-stabilised finite ele-
ment formulation. This leads to a lack of conservation of the transported quantity, despite
the method being convergent.

It is shown here how global conservation can be preserved when using common sta-
bilised finite element methods through a small residual-based modification of existing
formulations. As a starting point, global conservation for stabilised methods applied to
the advection-diffusion equation is proven for the case where the advective velocity is
known to be solenoidal. The examination is then extended to the case where the velocity
comes from the solution of a stabilised incompressible flow problem and the weak form
is in the advective, rather than conservative, form. It is shown that satisfaction of the

inf-sup condition will, in general, preclude conservation for classical Galerkin methods,



and stabilisation of the continuity equation in common stabilised finite element formu-
lations results in global conservation not being guaranteed. Considering the governing
equations in a multiscale context [2, 3] points the way to a formulation which is globally
conservative. The procedure is then generalised to the Navier-Stokes equations. It is again
shown that the addition of particular residual-based terms to the stabilised formulation
leads to correct conservation of momentum. Implementation of the procedures requires

only minor additions to existing stabilised finite element codes.

2 Conservation for the scalar advection-diffusion equation

2.1 Strong and weak forms

Before examining conservation properties, it is useful to define carefully the problem (for
background, see Hughes et al. [4]). Consider (), an open, bounded region in R4, where d
is the spatial dimension. The boundary of () is denoted by I' = 0(2, and the outward unit
normal to I is denoted n = (11, n2,...,1n,). Given a solenoidal advective velocity field a

(V- a = 0), consider the following definitions:

a, =n-a (1)
an + |an|

ai:% )

_ap — |ay|

”n:% (3)

Note that a4, is equal to a, at an outflow boundary, and is equal to zero at an inflow

boundary. Conversely, a4, is equal to a4, at an inflow boundary, and is equal to zero at an
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Figure 1: Definition of boundary partitions.

outflow boundary. Let {I'",I'"} and {T',T',} be partitions of I, defined by:

I={xel|a,(x) <0} inflow boundary
*=r-r- outflow boundary
and
+
If=T,NT
Iy =I,NI~

The various partitions are illustrated in Figure 2.1.

4)

(6)
)

Denoting the diffusivity as x, which is assumed to be constant and positive (x > 0), the



following fluxes are defined:

o' (¢) = —a¢

o' (¢) = xV
c=0c"+0"
o =n-o°
o =n- o
Ci=n-0

Advective-diffusive transport of a scalar ¢ is assumed to be governed by:

—V.o(p)=f in O
(l):g oan
—a, ¢+ (9) =h onT),

(8)
©)
(10)
(11)
(12)

(13)

(14)

where f : () — R, ¢: Ty — Rand h : I, — R are prescribed. The boundary condition on

I';, can be interpreted as:

h- onI;
h— "
h™ on I"]j

where i~ is the total flux and k™ is the diffusive flux,

on (p) =h~ total flux boundary condition

ol (¢p) =ht diffusive flux boundary condition.

(17)

(18)

(19)

For the variational formulation of the advection-diffusion equation, the following func-



tion spaces are required:

S

{peH' (Q) [¢=gonT,} (20)

V:{weHl(QHw:Ooan}. 1)
It is useful to define another function space W, such that
H Q) =vew (22)

The standard variational problem for advection-diffusion consists of: find ¢ € S such that

B(w,¢)=L(w) VweV (23)
where
B (w,9) = (Vw,0(¢)q + (w,a; ), (24)
and
L(w) = (w, f)q + (w, h)r, - (25)

Consistency of the variational form is easily proven by integrating equation (23) by

parts,

0= B(w,u)—L(w)

26)
=~ @,V -0(9) + o+ (w,~a; +0i(9) ~ 1)

rh

which, under suitable smoothness hypotheses, implies the original strong form of the

governing boundary-value problem. Stability can be proven by showing that B (w, ¢) is



coercive,

B(w,w) = (Vw, —aw + kVw), + (w,a, w) r,

1 1
=5 @ (V-a)w)g = 5 (,a,w0)p, +x|Volt + (w,a;w),  (27)
1 1 2
= > @, (V- &) w)g + x| Vool + 5 ||lan o0
2 2 Ty
If the advective field is divergence-free, equation (27) is equivalent to:
1 2
B (w,w) = x| Veolh + 5 ||lax 20| (28)
h

which proves that the stability is assured. The boundary conditions considered here were
described in Hughes et al. [4], and they result in a well-posed variational problem if the
flow field is divergence-free.

Proving conservation for the weak form of the advective-diffusion equation in both
conservative and advective formats is straightforward for the case I'y = @. Considering

equation (23) and setting w = 1,

0=B(1,¢)—L(1)

:/ra,j(pdr—/ﬂfda—/rhdr,

which can also be expressed as:

o:—</r+ (—anp+ 1) dr+/rhdr+/0fd0> (30)

which proves that ¢ is conserved (recalling that h ™ is the diffusive flux, hence (h" — a,,¢) |+
is the total flux, and /1~ is also the total flux). Establishing conservation for the case I'y # @

is more complicated as it is not possible to set w = 1 in the entire domain since w must be



equal to zero on I'y. Proving conservation requires the definition of an auxiliary flux hg

on the boundary I'; [1]. Consider the problem: find ¢ € S and /¢ € W such that
_ 1
B(w,¢) =L (w)+ (w, hg)rg Vwe H (Q). (31)

Recalling equation (22), this problem can be alternatively expressed as: find ¢ € S and

hgy € W such that

B(w,¢)=L(w) YweV (32)

B(q,¢) =L@+ (ah)r, VaeWw. (33)
Setting w = 1 in equation (31), which is possible since 1 € H! (Q),

0=B(1,¢)~L(1)~ (1hg),

:_</r+ (—an¢+h+) dr+/rh_dr+/0fdﬂ+/r

which proves that ¢ is conserved.

8

(34)
hng>

Conservation has been shown above for the weak form of the advection-diffusion equa-
tion in conservation form, with no reliance on the field a being divergence-free. From the
identity:

V-(ag)=(V-a)gp+a- Ve (35)

and assuming V - a = 0, the weak advection-diffusion equation in advective format is

expressed as:

Bi (w,¢) = (w,a-V¢)q+ (Vw,kVe)q — (w, LMP)rg — (w,a, ¢) r, (36)



where the subscript ‘a’ has been added to denote the advective format. Considering the
advective form and setting w = 1 for the case I'y # @,

0=Ba(1,¢) —L(1) — (w,hg),

8

=—(L(V-a)p)q+ (L and)r — (Lang)r, — (La,@)p, — (1, f)g— (L), - (th)rg

=~ (L(V-a)¢)o+ (Lag®)y, — (Lo — (L), — (Lhg),.

= (/Q(v.a)qyalQJr/r+ (—anp+h") dr—{_/l"hdr—{—/l",hgdr—{—/ﬂfd())/

(37)

hence ¢ is conserved if V- a = 0.

2.2 Conservation in Galerkin and stabilised Galerkin formulations

Conservation for the case in which Dirichlet boundary conditions are applied (I'y # @) in
a Galerkin formulation can be proven in a similar way to the infinite-dimensional case in
the previous section. To prove conservation, again an auxiliary flux must be defined on
I, [1]. Consider now S" C S and V" C V to be finite element spaces. The space S" con-
tains basis functions, each associated with a node, which satisfy the Dirichlet boundary
conditions (technically speaking, S" is a linear manifold, not a linear space). The space
V! is the span of the basis functions associated with each node in Q) excluding those lying
onTy. A complementary space W" is defined which is the span of of the basis functions
associated with all nodes lying on I';. It is assumed that the support of the traces of func-

tions in W' is contained in T'y. A further space X" is defined as:
Xt =ytewh (38)

Hence, X" is the span of the shape functions associated with all nodes. Note that S* ¢ A"



For generality, conservation will be shown for the case of stabilised methods, which are
a superset of the Galerkin method. The domain () is subdivided into ‘elements’ ()., and

the domain of element interiors ) is defined as:

a=Ja (39)

which does not include the element boundaries.

The standard Galerkin problem consists of: find ¢" € S" such that
B(w%&):L<wg vl e VI, (40)
A class of stabilised Galerkin methods can be expressed as:
B(w%¢§+(£ﬂwan3=L<w@ v wh e Yt 41)
in which r is the residual of the advection-diffusion equation,
r=a-v¢' —xAp" — f, (42)

T, is a stabilisation parameter and £, is an operator which defines the stabilisation method.

For the streamlined-upwind Petrov-Galerkin method (SUPG) [5], £, is given by:
L =a- V' (43)
For the Galerkin/least-squares method (GLS) [4],

Lo = a- V' — kAw" (44)

10



and for the multiscale method (MS) [2, 6]
anh =a Vo' + xAw". (45)

Expressions for 7, may be found in References [7-11].
Proving conservation for the case I'y = @ for the presented stabilised Galerkin methods
is trivial as the stabilisation term involves the gradient of w”", which vanishes when setting

h

w" = 1 everywhere in (). For the non-trivial case of I'; # @, consider the following

Galerkin problem: find ¢" € S" and hg € W such that
hooh h _ h h h h h
B(w,gb>+(£aw,rar>Q_L<w)+<w,hg>rg V'l e x (46)

where hg is the flux across I'y. This problem can be split, yielding: find ¢" € S" and

hg € W' such that

B (wh(ph) n (cawh, w)O L (wh) —0 VeV (47)

B (q",¢") + (anh,rar>ﬂ ~L(q") = (qh,h§>rq v gt e Wh, (48)

Equation (47) is the standard stabilised advection-diffusion problem, which can be solved
without knowing /. Once ¢" has been computed from equation (47), it can be inserted
into equation (48) to calculate the auxiliary flux, which is merely a post-processing proce-
dure (see Hughes et al. [1] and the references therein).

Conservation for the case I'y # @ can be proven by setting w" = 1 in equation (46) (note

11



thatw" =1 € x", irrespective of the boundary conditions),

0=B (1,¢h> + (L1, Tur) g — L (1) — (1h§>

= [ af¢"dr— hdr—/ dQ— [ Ktdr
/r,l ? T, Qf r, ° (49)

_ (/ (~aug + %) dr+/h-dr+/fdn+/ h§dr>
I‘]J; Fh QO Iy

which proves that Galerkin and the considered stabilised Galerkin finite element meth-
ods are globally conservative. While the present arguments are of a global nature, the
same procedure can be extended to local subdomains consisting of individual elements
or unions of elements, thus establishing that continuous Galerkin and stabilised Galerkin
methods are also locally conservative [1].

Thus far, it has been assumed that a is solenoidal. Consequently, the conservative and
advective forms of the weak advection-diffusion equations are interchangeable. Often,
the advective form is preferred in practice. However, a problem arises in the advective
form when a is computed numerically from another equation, such as the incompressible

Navier-Stokes equations, and fails to satisfy the divergence-free condition. In this case,

(wh,a . V(j)h)Q =— (th, a<,bh>0 - (wh, (V-a) cph>0 + (wh,angbh)r (50)

in which the term involving V - a is not identically zero. For conservation to hold, the

term involving V - a in equation (50) must vanish when w" = 1. That is,

/Q (V-a)¢"dQ =0. (51)

In a Galerkin finite element method for the incompressible Navier-Stokes equations, this

condition will be satisfied when the space of pressure interpolations P" contains X", be-

12



cause, in this case, the discrete approximation of incompressibility is given by:
[dv-man—o viep (52)
O

which implies that equation (51) holds as P"* O X”". Unfortunately, P* 2 X" is often
the case due to restrictions imposed by the inf-sup condition (see Brezzi and Fortin [12]).
Furthermore, it is a common practice to use some form of pressure stabilisation in which
case equation (52) definitely will not hold. In order to construct conservative methods
for these cases, an approach based on multiscale considerations proves fruitful, and is

pursued herein.

2.3 Conservation when using a computed flow field from a stabilised Galerkin

method

To construct a conservative advection-diffusion scheme for cases when the advective flow
field comes from a numerical simulation, the starting point is a multiscale decomposition
of the advective flow field. Following the multiscale concept [2, 3], the velocity field is
decomposed additively,

a=a+a (53)

where a is the ‘coarse’ scale component of the velocity field and a’ is the ‘fine” scale com-
ponent of the velocity field. It is assumed that a = a on I'. Returning to equation (50) and

inserting the multiscale decomposition,

(w,a-Vo)q = (w,(a+a) Vo),

= (w,V-(a9))q — (w0, (V-a) )+ (w,a’ - V), .

13



Integrating the first term by parts on the right-hand side of equation (54), and considering

thata =aonT,

(w,a-V)o = — (Vw,ad)q + (w,and)p — (w, (V- @) )+ (w,a"- V). (55)

Inserting this expression into the advective form of the advection-diffusion equation (36)

and including the boundary conservation term,

0 =B, (w,¢) — L (w) — (w, hg)rg
=~ (Vw,ap)q + (w,and)r — (w, (V- @) ) + (w,a’- V), (56)

+ (V0,V9)0 — (@,anp)r, — (0,0, 9)p, — (@, Flo — (@ )r, — (@, hg) .

Setting w =1,

0= (Lay¢)y, —(L(V-a)d)g+ (La"-Vo)q— (1, flo— (L, — (Lhg)p  O7)

which can be equivalently expressed as:

0= (/r] (—aup+ 1) dF+/QfdQ+/rhh‘dl"+/rghgdl"
+/Q(v-a)<pd0—/0a’-vq>d0>. (58)

From the above equation, it is clear that (58) reduces to (34), and ¢ is conserved, if the last

two terms cancel. That is, if:

/ (V-a)¢p—V¢-a') dQ=0. (59)
@)

14



Requiring that:
/Q(q(V-Zl)—Vq-a’) aQ =0 Vg € H' (Q) (60)

ensures that equation (59) holds, and conservation is guaranteed. From multiscale con-
siderations and in light of the connection to stabilised finite element methods [2, 3], an

approximation of the fine scale velocity on element interiors is given by [2]:
a'~ -1 (61)

where T, is a stabilisation parameter (pressure stabilisation) and r is the residual from
the equation governing the advective flow field (e.g., the incompressible Navier-Stokes
equations). Considering now that a is represented by the finite-dimensional solution a”,

inserting the model for a’ into equation (60) yields:
( hy. h> ( h _ h h
q,V-a Q—i— Vq,rprQ_O Vg'eP (62)

which is the pressure-stabilised continuity equation for the SUPG, GLS and MS methods.
Hence, a conservative form for advection-diffusion, in advection format, for problems

involving an advective velocity field which satisfies equation (62) and P D S", is given

(wh, a- V¢h> 0 + (th, KV(ph> 0 (wh, angbh)r

|- h)
—\(\w’,a
( T T

- (wh, Tyt - chh)() = (wh,f>Q + <wh’h>r,, + <wh,hg>r vl € X" (63)

8

The last term on the right-hand side of equation (63) has the form of an advection term,

hence, in addition to the usual advective term, it too needs to be stabilised. A stabilised,

15



conservative formulation is given by:

(e

+ (ﬁaw’% T r)@ + (wh,a’ - V") o+ (Low", T (@' V) g

(wh’ a V(Ph) o) + (th’ KV(Ph) o (wh’ a”('i)h) I, T,

- (wh’f)n + (wh’h)r + (wh’ hg)r Vo € X! (64)
h

8

where a’ = —Tyt, 7’ is a stabilisation parameter for the fine-scale term, and
Ly()=a"V()=-7r V() (65)
a-vuw' (SUPG)
Law" =S 5.Vl — kAW (GLS) (66)
| a-vu' + xkAw" (MS).

The first term in the box is the key to conservation, while the second term in the box
stabilises the first and does not affect conservation. The second term in the box can be

equivalently expressed as:
(c;wh,r’ (a’ - v&))ﬂ - (L;wh,r’c;gbh)ﬂ (67)

which elucidates its symmetric, positive-definite nature. Note that the required modifica-
tions to an existing computer code for stabilised Galerkin methods to ensure conservation

are minor.

Remark
The boxed terms are consistent modifications of the method due to the fact that r is a

residual vanishing for the exact solution. The stabilisation parameter, 7/, is O (h/]a’|) =

16



O (h/ (tp|r|)). Consequently, the additional term vanishes when r = 0. A more precise
expression for 7’ is presented in Taylor et al. [13]. O
2.4 Time-dependent case

For generality, the preceding developments are extended to the unsteady case. Consider

the following space-time domains:

Q = Ox]0,T| (68)
Q = Ox]0,T| (69)
P=Tx]0,T] (70)
Py = [y x]0, T| 71)
P, = T}, x]0, T| 72)
P =T x]0, T] (73)
P, =T, x]0, T|. (74)

Solution of the unsteady advection-diffusion equation involves: find ¢ = ¢ (x,t) Vx €

O, vt € [0, T] such that:

B voow)=f inQ 73)
¢ (x,0) = ¢o in O (76)

=g on Pg (77)

—a, ¢+l (p)=h on P, (78)

where f : Q = R, g: P, — Rand h : P, — R are prescribed.

For the discrete problem, the space-time domain Q is divided into ‘time slabs’. Consider

17



the following space-time slabs,

Q" = Qx]ty, tyia| (79)
Q" = Oxty, tyy] (80)
P" = T'x]ty, tuy1] (81)
PI = Tyx |ty tyi] (82)
Ph = Inx]tn, tnia| (83)
Po" =Ty X]tu, tni1] (84)
Py =T X]tu, tyia] (85)

where 0 =ty < t; < ... < ty = T. The relevant function spaces on each slab are similar

to those for the steady case, with infinite dimensional spaces defined by:

s"={pecH Q") |¢=gonP;} (86)
V”:{weHl(Q”) ]w:OonPg} (87)
H' (Q") = V' W™ (88)

and relevant finite-dimensional spaces defined by:

(8" c 8" (89)
Vvt c pr (90)
(SN < (am' = e . (1)

18



Solution of the unsteady problem requires: find ¢" € (S ") such that,

( (F1) 0" (£ >Q < h> o + (wh,ﬁ : V(Ph>Qn + (th, Kv(Ph)Qn
wh,a ) (w a, ¢ )P (Eﬁwh,rar> &

h

e T )

~
= (@) g () + (@) (" (1) 0 (1)),

vw' e (¥, n=01,...,N—-1 (92)

where a’ = —1,r, the operator L}, is defined by equation (65), and
'
% ta- Vo (SUPG)
h
Law" = aaﬂt +a- Vwl — xAw" (GLS) (93)
aait + a - Vw' + xAw" (MS).

The boxed terms are the same as for the steady-state case (see equation (64)). Considering

/ (V- a)¢" dQ+/ T V¢ dQ =0, 94)
n QVI

which holds when a is computed from a pressure-stabilised finite element method and
components of the advective velocity field ; come from the same space as ¢", and setting

w" = 1 in equation (92),

/<p t) dQ = /<p dQ—|—/an(de+/a(de+/fdQ

+/ hdP + hgdp—/ a-vo' dQ+/ T,r- Vo' dQ. (95)
P P n Q"

19



Expanding the term involving a and considering equation (94),

/‘P tyq) dQ = /4) dQ+/ (_an¢h+h+> P

+ h™dP+ | fdQ+ [ HidP (96)
P;ﬂ Qn Pg

which shows that ¢ is conserved on space-time slabs.

3 Conservation for the incompressible Navier-Stokes equations

3.1 Incompressible Navier-Stokes equations

The developments in this section for the incompressible Navier-Stokes equations mirror
the developments for the advection diffusion equation. Before proceeding to the Navier-

Stokes equations, it is useful to establish some definitions. Denoting the velocity field u,

Uy =N U 97)
up = Ll (98)
2
Uy — Uy
u, = %, (99)

where, similar to before, u; is equal to u, at an outflow boundary and zero elsewhere,
and u, is equal to u, at inflow boundary and zero elsewhere. Let {I'",T*} and {T,, T’}

be partitions of I, defined by:

I'={xeTl|u,(x) <0} inflow boundary (100)

It=r-r- outflow boundary (101)

20



and, as before,

Iy =TeNT™ (102)

I;"=T,Nr*. (103)

The partitions of I' are illustrated in Figure 2.1.
Assuming the kinematic viscosity to be constant and positive (v > 0), the following

fluxes are defined:

o' (u,a,p)=-uxa—pl ‘advective’ flux (104)
o (u) = 20V°u diffusive flux (105)
o(uap) =oc"+ o total flux (106)
op=n-o0" (107)

ol =n-o (108)
op=n-o (109)

where p is the pressure (divided by the density) and a is the advective velocity.

Solution of the steady Navier-Stokes equations involves: findu = u (x), p = p (x) Vx €

Q) such that:
V.o (uup) =f in Q) (110)
V-u=0 in Q (111)
u=g onl, (112)
—uyu—pn+ol(u)=h onI’, (113)

where f: QO — R, g : e — R? and h : Tj, — R? are prescribed. The boundary condition

21



on I';, can be interpreted as:

h~— onl,
h= (114)
h*t onT/
where
on(u,p)=h" momentum flux boundary condition (115)
—pn+ 0 (u,p) =h* traction boundary condition. (116)

For the variational formulation of the Navier-Stokes equations, the following function

spaces are required:

S = {u € (Hl (Q))d |u=g on Fg} (117)
V= {w € (H1 (Q))d | w =0 onrg} (118)
P={pel’(Q)}. (119)

The variational problem consists of: find u € S, p € P such that:
B({w,q};{u,p}t,u)=L(w) YweV, VgeP (120)
where

B({w,q}i{u,p},a) = (Vw,o (u,a,p))q + (w,ayu)r, — (Vq,u)q+ (qu.)r  (121)

and

L(w) = (w, f)q + (w, h)y, -

h

(122)
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Remark
If g and u are sufficiently smooth, — (Vq,u)q + (9, un)r = (9, V - ). It is assumed that
this is the case. For the finite element case, differentiability and continuity will be ad-
dressed more precisely. L]

Consistency of the weak formulation with the strong form, namely equations (110) to

(113), can be proven by integrating equation (120) by parts, leading to:

0=B({w,q} {u p}u)—L(w)

=~ (@Y 0 (wup)+ o+ (@ -wu—pntof@—h) +@V- ).

(123)
Stability requires that the form in equation (121) be coercive in the following sense. Setting
{u,p} = {w,q} and a = u in equation (121),

B({w,q}; {w,q},u) = (Vw, —w @ u — gl + 20V°w) o + (w,u;w) . — (Vg,w)

h

1 1
=3 (w, (V-u)w)q — 5 (w, uyw)y, + 2v||Vow||g + (w,u;{w)rh
1 1
= 5 (@, (V- w)w)g + 5 (@, [un|w)y, +20| V],
(124)
This can be restated as:
1 1
B({w,q};{w,q},u) = 5 (w, (V- -u)w)qy + E\Ilunll/ZWIl%h +2v||Vew||§ (125)

which, for the case of a divergence-free flow field (V - u = 0), guarantees stability of
the field w. However, analogous to the advection-diffusion equation, the problem is not

necessarily stable if the flow field is not divergence-free.
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3.2 Conservation of mass and momentum

Conservation of momentum is examined for the general case I'; # @. Analogous to the

advection-diffusion case, this requires the definition of a space W such that
. d
(H (Q)) —Vaw. (126)

The problem then involves: find u € S, p € P and hy € W, where hg is the momentum

flux across I'y, such that

B ({w,q};{u, p},u) =L (w)+ (w,hy). Vwe (H1 (Q))d, Vg € P. (127)

8

Setting {w, g} = {e;, 0}, where e is the canonical unit basis vector, in the above equation,

0= B ({e;, 0}, {u, p}, u) — (ei, f)o = (ei, M)r, — (ei, Trg)y,

(128)
:/ u;{ei-udl"—/ei-fdﬂ— ei-hdl"—/ e - hg dr.
Ty Q Iy

Tg

This can be rewritten as

O:/ei-fd0+/ e,--h_dI"+/ e (—uqu+h") dF+/ e - hg dl (129)
Q - I

1y Ig

which proves that momentum is conserved. Setting {w, g} = {0,1},

0=B({0,1},{u,p},u) = (0,f)q — (0,hg)y — (0, h)r,

r

which shows that mass is also conserved. Note that in proving conservation, no reliance

(130)

has been placed on the flow field being strictly divergence-free.
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3.3 Conservadtion for the advective form of the Navier-Stokes equations

In practice, the conservation form of the Navier-Stokes equations is rarely used in Galerkin
computations. Application of the conservation form results in spurious oscillations due
to the V - u term in equation (124), which acts as a distribution of sinks and sources. To
achieve accuracy, the advective form of the Navier-Stokes equations has been found much

superior and is usually adopted. Using the identity:
V-(ua)=a-Vu+u(V-a) (131)

the conservation and advective forms of the Navier-Stokes equations are interchangeable
for an advective field a which is divergence-free everywhere in ().

Considering the advective term in the Navier-Stokes equations in isolation,
—(Vw,u®a)q = (w,a-Vu)q+ (w,(V-a)u)qg — (w,a,u)r. (132)

Inserting equation (132) into equation (121), and assuming that a is divergence-free,

B, {w,q};{u,p},a) = (w,a-Vu)q+ (Vw, —pl + 2vV°u), — (w,a,;u)rh

— (w,anu)r, — (Vg u)q + (q,un)p  (133)

which is the advective weak form of the Navier-Stokes equations. It is this form which is

25



usually utilised in finite element analysis. Setting {w, q} = {e;, 0},

0 =B, ({e;, 0}; {u,p}, u) — L (e;) — (e;, hg)rg

= (e, u-Vu)q — (e u,u) — (w,uau)r, — (ei, fo — (e, h)r, — (e, hg)rg

= — (e, (V-u)u)q + (e, uqu)r — (e;, u,;u)rh — (ei,untt)r, — (ei, f)o — (ei h)r, — (ei hg)

=— (e, (V-u)u)q+ (ei,u;u)rh —(ei, fla — (eirh)r,, - (ei, hg)rg'

8

(134)

Equation (134) implies that for momentum to be conserved when using the advective

form of the Navier-Stokes equations, it is necessary that:
/Qei-(v-u)udﬂzo (135)
which resembles the weak form of the continuity equation, which requires that:
/Qq-(V‘u)dQ:O VqeP. (136)
Hence, satisfaction of weak continuity and requiring that:
P2H (Q) (137)

guarantees that momentum will be conserved in the advection form of the Navier-Stokes
equations.
The difficulty that arises when adopting a Galerkin approach by replacing the relevant

infinite-dimensional function spaces with finite dimensional counterparts is that satisfac-
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tion of the inf-sup stability condition will, in general, require that [12]:
P2 Y (138)

where in a finite element context )" is the span of the individual velocity shape func-
tion components associated with all nodes. Satisfaction of the inf-sup condition will in
general preclude momentum conservation. This is the case for Galerkin methods. For
stabilised Galerkin methods, equation (138) is often satisfied, but the continuity equation
is stabilised, hence a form other than (136) is employed. This in fact is a key advantage, as

will become clear.

3.4 Conservation in Galerkin and stabilised Galerkin formulations of the

Navier-Stokes equations — multiscale approach

Conservation can be restored to stabilised Galerkin methods in a relatively simple manner.
Consider again a multiscale decomposition of the advective flow field, a = a + a4/, in
which a is the coarse scale component and a’ is the fine scale component. As before,

a’ = 0 onT. Inserting the multiscale decomposition into equation (133),

Bams ({w, q}; {u, p}, a) = B {w, q}; {u, p},a) + (w,a’ - Vu) (139)

A Galerkin procedure is now followed in which S he S, Vi cVand P' ¢ P. Itis
assumed that a is " € S", and a’ is u’, which will be defined shortly. Similar to before, a
space W is defined, such that

Zh=yhrgwh (140)

where, by assumption, zh = (yh)d. A Galerkin procedure, including a multiscale de-

composition of the advective velocity, involves: find u" € S", p" € P" and hg € W such
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that:

By ({0, g"); (' py ) + (- V)

= (wh) + (wh,hg)r vVw' e Zh, qh e P".

8

Inserting {w", g"} = {e;, 0} into equation (141) leads to:

0 =B, ({ei,O}; {uh,ph},u) + (el-, u' - Vuh)Q —L(e;) — (el-, hg)r
=— <el~, <V : uh) uh)Q - (el-, u - Vuh>0 — (ei,h™ )

- <ei, —upu" + h+)r+ - (ei/ hé)rg —(ei, f)a-

h

8

Hence, momentum is conserved if:

/Qez--<(V‘uh)uh—u’-Vuh) dQ =0,

and this requirement is satisfied if:

/Q(qh (v-uh)—u’-wh) d0=0 vg'ept

(141)

(142)

(143)

(144)

subject to the condition that P* D )". Hence, if the modified continuity equation in (144)

is satisfied and P" D V", the formulation in equation (141) conserves momentum.

The missing component to this point is the definition of the fine scale velocity. This

requires the supposition of a model. In the same vein as for the advection-diffusion prob-

lem, an approximation of the fine scale velocity on element interiors is introduced [2]:

/—_
u = Tpr
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where r is the residual of the incompressible Navier-Stokes equation:
r=u" - Vu' +Vp" —2v0Au" — f. (146)

Inserting the expression for the model for the fine scales (145) into the modified continuity

equation (144) yields:
(h (V‘ h> h ) _ h h
q u')+Vqg-r)d=0 Vg P (147)
O

which is precisely the pressure-stabilised continuity equation. Therefore, a momentum
conserving, pressure-stabilised Galerkin formulation in advection format involves: find

u e st ph e P and hg € W' such that:

While the above formulation is conservative, it is not stabilised for advection dominated
flows. The following stabilised Galerkin problem is both stable and momentum conserv-

ing: find u" € ", p" € P" and b} € W"

B, <{wh,qh};{uh,ph}, uh> + (th,rpr)ﬂ + (Emwh,Tmr)ﬂ

+ (wh, ' - Vuh)ﬁ + (L), T (u Vuh))ﬂ

_ (wh,hg)r L <wh) vl € 2", vg' e PI (149)
g

in which #’ = —7,r, and

Lo,()=u-V()=—-1r V(). (150)
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The operator £,, defines the particular stabilisation method,

u - V' (SUPG)

Law" = ¢ u" . Vw'" — 2vAw" (GLS) (151)

u' . Vw' + 2vAw" (MS).

As for the advection-diffusion case, the term introduced to provide conservation (the first
term in the box) is an advection term and is hence stabilised (second term in the box). The
second term in the box can be interpreted in the same fashion as equation (67). Appropri-
ate expressions for 7, T; and 7’ can be found in Taylor et al. [13], in which it is assumed

that 7, = 7.

3.5 Time dependent case

Considering the space-time domains defined in equations (68)—(74), solution of the un-

steady Navier-Stokes equations involves: findu = u (x,t), p=p (x,t) Vx € Q, Vt € [0, T]

such that:
aa_?_v.g(u,u,p):f inQ (152)
u(x,0) = up inQ (153)
Vou=0 in Q (154)
u=g on Py (155)
—t = pn+of (u) = h on Py, (156)

where f: Q — R, g: P, — R¥ and h : P, — IRY are prescribed.

Considering the space-time ‘slabs’ defined in equations (79)—(85), the pertinent function
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Spaces are:

S" = {u e (Hl (Q”))d |u=gon Pg} (157)
d

Y= {we (Hl (Q”)) | w =0on Pg} (158)

P = {pe (@) (159)

(Hl (Q”))d =V'eW" (160)

and relevant subspaces are:

(8" c s" (161)
Vv cyr (162)
(P c p" (163)
(" c 2= e wn'. (164)

Solution of the unsteady problem requires: find u" € (S mh, pl € (P such that

(" (17,0) " (55,1)), - <aa—“;h,uh> Lt (wh - 9ut)

+ (th, —pl + ZVVuh>Qn — (wh,uﬁ_u> pr — (wh,uﬁuh> by — (th,uh>Qn

(), (), [ T T (G S

- (th,u’> ot <£mwh, Tm1’> o= L (wh>

vaw' e (20", vg" € (P, n=0,1,...,N—1 (165)

n

where

L(wh) = (w"f) o (whn) + (" () 0" () (166)
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and the fine scale velocity is given by #’ = —7,r and L}, is defined by equation (150). The

operator L, for the unsteady case is defined by:

Tl ut - vwh (SUPG)
h
Lyw" = 8% +u - Vw" — vAw" (GLS) (167)
dw"
% +u" - Vw'" + vAw" (MS).
\

The boxed terms are the same as for the steady-state case (see equation (149)). Considering

first {w",¢"} = {0,4"} and inserting the model u’ = —7,r,

0=— (thf”h>qn + (qh’ “ﬁ>pn + (Wh’T’”) G

VI h h n\h (168)
(q,V u)Qn+(Vq,Tpr)Qn vg' e (P")

which is equation (147), the weak form of the stabilised continuity equation.

Remark

Conservation of mass may be obtained from the first line of equation (168) by selecting
g" = 1. The integration-by-parts utilised in the second line of equation (168) assumes
that g" is continuous across element interfaces and exact quadrature is performed (u" is
always assumed to be continuous). If 4" is discontinuous across element interfaces, the
first line of equation (168) requires additional pressure jump terms on element interfaces,
whereas the second line is still valid. This follows by performing integration-by-parts

element-wise:

(qh,V uh)Q” — <th, uh>Qn + (qh,uﬁ> pn + ; <qh,uﬁ> P (169)
_ <th, uh>Qn + (thun> ot ([[qhn]] Jul N
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where

[[qhnﬂ = q’imr + q’in_
= (q’i — q’i) ny (170)

— (i —¢")n

in which [-] is the jump operator across element interfaces T,
I=JT\T, Pl =Toxltytpnl, P"=Txty, byl (171)
e

and the £ designations are arbitrary labels of quantities associated with two different
elements sharing an interface. Note that equation (170) is invariant under reversal of the
+ labels. When inexact element quadrature is used for the continuous g" case, the form in
the first line of equation (168) is preferable because conservation is unaffected. This is not
necessarily the case with the form on the second line of (168). Perhaps because most code
developers are unaware of this fact, the second-line form is often employed in practice. [J

Following the now familiar procedure of setting {w”",g"} = {e;, 0}, and inserting this

into the unsteady Navier-Stokes equation,

0 =B, <{ei,0}; {uh, ph},uh>n — L (e;), — (ei, hg) by
= (ei, u (t;rl))Q + (el-, LtﬁJruh>Pz — (el-, <V . uh) uh)Qn — <ei, Ty Vuh)én (172)

_ <£’i/ hg) . — (e, f)Qﬂ — (ei/h)Pg — <€i, u" (t;:))

O
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Using the result in equation (168), the above equation is equivalent to:

/ei-uh (1) dQ:/ ei-u (1) dQ+/ e (—upu" + ") ap
Q Q P

+/ ei-th+/
P P

which proves that for the time-dependent case conservation of momentum is attained on

ei-hgdP+/(Qnei-fdQ (173)

_n n
h g

space-time slabs.

4 Conclusions

The conservation properties of Galerkin and some common stabilised Galerkin schemes
for advection-diffusion and Navier-Stokes equations have been examined. It was shown
why advection-diffusion and Navier-Stokes problems based on advective weak forms,
computed from Galerkin and stabilised Galerkin finite element methods, are not gener-
ally conservative. It was however shown that, through multiscale considerations, this de-
ficiency can be easily overcome for stabilised methods by the addition of a residual term
to the weak equation which ensures global conservation. Surprisingly, conservation can
be restored more easily to stabilised Galerkin methods than traditional Galerkin methods.
The reason for this is that conservation is in conflict with the inf-sup condition associated
with incompressibility in the Galerkin formulation, whereas in stabilised formulations the
inf-sup condition is circumvented.

Stabilised, conservative formulations have been described and presented for: steady
advection-diffusion equation (equation (64)); unsteady advection-diffusion equation (equa-
tion (92)); steady incompressible Navier-Stokes equations (equation (149)); and unsteady
incompressible Navier-Stokes equations (equation (165)). The techniques described herein

have been extensively tested, and verified in several academic and commercial flow codes,
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including Spectrum [13] and Acusolve [14].
Similar issues are being investigated in the discontinuous Galerkin method literature.

The interested reader is referred to Cockburn et al. [15, 16].

Acknowledgements

T.J.R. Hughes was supported by ONR Grant No. 00014-03-1-0263, NASA Ames Research
Center Grant No. NAG2-1604, and Sandia National Laboratories Grant No. A0340.0.
G.N. Wells was supported by the Technology Foundation STW, applied science division
of NWO and the technology programme of the Ministry of Economic Affairs, and the
J. Tinsley Oden Faculty Research Program, Institute for Computational Engineering and
Sciences, The University of Texas at Austin. The authors gratefully acknowledge the sup-
port provided by these organisations.

The authors would also like to express their appreciation to Victor Calo who read the

manuscript thoroughly and made many helpful suggestions.

References

[1] T.J. R. Hughes, G. Engel, L. Mazzei, and M. G. Larson. The continuous Galerkin

method is locally conservative. Journal of Computational Physics, 163:467-488, 2000.

[2] T.J.R. Hughes. Multiscale phenomena: Green'’s functions, the Dirichlet-to-Neumann
formulation, subgrid scale models, bubbles and the origins of stabilized methods.

Computer Methods in Applied Mechanics and Engineering, 127(1-4):387-401, 1995.

[3] T.J. R. Hughes, G. R. Feij6o, L. Mazzei, and ].-B. Quincy. The variational multiscale
method-a paradigm for computational mechanics. Computer Methods in Applied Me-

chanics and Engineering, 166:3-24, 1998.

35



[4]

[5]

[6]

[7]

[8]

[9]

T.]. R. Hughes, L. P. Franca, and G. M Hulbert. A new finite element formulation for
computational fluid dynamics. VIIL. The Galerkin/least-squares method for advec-
tion diffusive equations. Computer Methods in Applied Mechanics and Engineering, 73:
173-189, 1989.

A. N. Brooks and T. J. R. Hughes. Streamline upwind Petrov-Galerkin formula-
tions for convection dominated flows with particular emphasis on the incompress-
ible Navier-Stokes equations. Computer Methods in Applied Mechanics and Engineering,
32(1-3):199-259, 1982.

F. Brezzi, L. P. Franca, and A. Russo. Further considerations on residual-free bub-
bles for advective-diffusive equations. Computer Methods in Applied Mechanics and

Engineering, 166:25-33, 1998.

L. P. Franca, S. L. Frey, and T. J. R. Hughes. Stabilized finite-element methods: I.
Application to the advection-diffusion model. Computer Methods in Applied Mechanics
and Engineering, 95:253-276, 1992.

E. Shakib, T. J. R. Hughes, and Z. Johan. A new finite element formulation for com-
putational fluid dynamics: X. The compressible Euler and Navier-Stokes equations.

Computer Methods in Applied Mechanics and Engineering, 89:141-219, 1991.

R. Codina. Comparison of some finite element methods for solving the diffusion-
convection-reaction equation. Computer Methods in Applied Mechanics and Engineering,

156:185-210, 1998.

R. Codina. On stabilized finite element methods for linear systems of convection-
diffusion-reaction equations. Computer Methods in Applied Mechanics and Engineering,

188:61-82, 2000.

36



[11] T. E. Tezduyar. Computation of moving boundaries and interfaces and stabilization

parameters. International Journal for Numerical Methods in Fluids, 43:555-575, 2003.

[12] F. Brezzi and M. Fortin. Mixed and Hybrid Finite Element Methods. Springer-Verlag,
New York, 1991.

[13] C. A. Taylor, T. J. R. Hughes, and C. K. Zarins. Finite element modelling of blood
tflow in arteries. Computer Methods in Applied Mechanics and Engineering, 158:155-196,
1998.

[14] Acusim Software. URL http://www.acusim.com/.

[15] B. Cockburn, G. Kanschat, and D. Schotzau. The local discontinuous Galerkin
method for the Oseen equations. Mathematics of Computation, 73(246):569-593, 2004.

[16] B. Cockburn, G. Kanschat, and D. Schoétzau. A locally conservative LDG method for
the incompressible Navier-Stokes equations. Mathematics of Computation, 2004. In

press.

37



